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Abstract. The far wings of the Lyman series of atomic hydrogen exhibit satellites, enhancements that may
be associated with quasi-molecular states of Hs and H;‘ Quasi-molecular satellites in the red wings of
Lyman a and Lyman [ were previously identified in the spectra of the DA white dwarfs. We present here
new theoretical calculations of Lyman ~ profiles perturbed by protons. They allow a large feature near
995 A in UV spectra of hot white dwarfs to be identified. This feature is a blend of two quasi-molecular
Lyman - satellites due to H—H™ collisions near 992 A and 996 A.

PACS. 32.70.Jz Line shapes, widths, and shifts

1 Introduction

This paper is a continuation of previous work devoted to
radiative collision effects in the Lyman series of atomic
hydrogen used to interpret the spectra of hydrogen-rich
white dwarf stars and laboratory plasmas.

The line wing, generally, does not decrease monoton-
ically with increasing frequency separation from the line
center. Its shape, for an atom in the presence of other
atoms, ions, or electrons, is sensitive to the difference be-
tween the initial and final state interaction potentials.
When this difference, for a given transition, goes through
an extremum, a relatively wider range of interatomic dis-
tances contribute to the same spectral frequency, resulting
in an enhancement, or satellite, in the line wing. Satellites
in alkali spectra have been known since the 1930’s [1].
More recently, satellites associated with the molecular in-
teractions of Hy and H;‘ have been discovered in stars and
in laboratory plasmas in the far wings of Lyman series
lines [2—4].

The stars which show Lyman « satellites are cool
DA white dwarfs, old Horizontal Branch stars of spec-
tral type A, and the A Booétis stars [5-7]. Satellites on the
Lyman § line of atomic hydrogen due to collisions of the
neutral atom with protons were observed in spectra of hot
DA white dwarfs [3,8-10]. Features near 995 A suspected
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to be new satellites in the wing of Lyman ~ provided mo-
tivation for the present work in which we investigate the
theory of the Lyman ~ line profile.

The theoretical potentials for the binary interactions
of one hydrogen atom with another hydrogen atom or ion
now may be computed with high accuracy. This allows us
to solve the radiative collision problem given an appro-
priate theoretical framework for the lineshape. Structures
in stellar spectra observed in the Lyman o« and Lyman [
line wings have been very well described by a theoretical
model atmosphere which uses the line profile theory and
calculations of Allard et al. [11-14]. Here we will evaluate
the unified line shape theory [14], briefly reviewed in Sec-
tion 2, including the complex manifold of excited diatomic
states states asymptotically leading to the n = 4 state of
the hydrogen atom.

For this purpose, since published calculations do not
include all of the states that are needed, a new consistent
set of accurate theoretical Hf molecular potentials was
computed, and used to describe the interaction between
radiator and protons for the line shape. The results of the
potential calculation are summarized in Section 2.2.

In this work we are still limited by a lack of knowledge
of the dependence of the radiative transition dipole mo-
ment on atom-ion separation for highly excited states. For
the purpose of this evaluation we suppose it to be constant
and equal to its asymptotic value. Although the shape
of the line satellites should depend on the R-dependent
electric-dipole moment and we suspect the remaining
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discrepancies between the observed spectra and our cal-
culations are due to this assumption of constant dipole
moment, we think this is a good first approximation espe-
cially for the interactions at large R which dominate the
line profile under the conditions of interest. The Lyman ~
profiles and satellites are calculated for low densities ap-
propriate for the application to white dwarfs and for
higher densities for application to laboratory experiments
at temperatures likely to be encountered in those sources.
These results are presented in Section 3. We used them
to predict synthetic spectra for hot DA white dwarfs and
to confirm our identification of the Lyman v satellites in
observed spectra as described in Section 4.

2 Theoretical line profiles
2.1 General expression of the spectrum

A detailed description of our unified theory of the shape
of the Lyman lines has been given by Allard et al. [11,14].
Here we will only review it briefly, and then describe how
we treat the problem of the large number of excited atomic
states that must be included to calculate the Lyman series
beyond the first few members.

The spectral line is given as the Fourier transform of
a correlation function

F,(Av) = FT [exp (ng(s))] - (1)

The Fourier transform is taken such that F, (Av) is nor-
malized to unity when integrated over all frequencies, and
Av is measured relative to the unperturbed line.

The autocorrelation function is calculated with the
following assumptions: (1) the radiator is stationary in
space; (2) the perturbers are mutually independent; (3) in
the adiabatic approach valid in the present case the in-
teraction potentials give contributions which are scalarly
additive.

For a transition o = (i, f) from initial state ¢ to final
state f, we have

B 1
9(8) = S P
+o0 +o0 -
% Z (a)/ 27rpdp/ dx deer [R(O)]
e,e’ 0 -

 [e# I3 VRO e [R(S)] - dow [RO)]) . (2)

The e and €’ label the energy surfaces on which the inter-
acting atoms approach the initial and final atomic states
of the transition as R — oo (R denotes the internu-
clear distance between the radiator and the perturber).
The asymptotic initial and final state energies are E®
and E?°, such that E.(R) — E® as R — co. We then
have Rf—dependent frequencies

vere(R) = (E¢(R) — Ee(R))/h (3)

which become the isolated radiator frequency v;; when
perturbers are far from the radiator. The total line
strength of the transition is > __ ., |deer |2, At time ¢ from
the point of closest approach for a rectilinear classical path
we have:

R(t) = [0 + (z +vt)?] "2, (4)

where p is the impact parameter of the perturber trajec-
tory, v is the relative velocity, and z is the position of the

perturber along its trajectory. We define d..(R(t)) as a
modulated dipole

Cz@e' [R(t)] = deer [R(t)]67§V6[R(t)]. (5)
The difference potential is

AV(R) = Vere(R) = Ver(R) = Ve(R), (6)

where the potential energy for the state is
Ve(R) = E.(R) — EZ°. (7)

In the above, we neglect the influence of the poten-
tials Ve(R) and Vg (R) on the perturber trajectories,
which remain straight lines. Although we should drop
the Boltzmann factor e #V<(%) for consistency with our
straight trajectory approximation, by keeping it we im-
prove the result in the wings where its effects are
significant.

The dipole moment of the quasi-molecular transition
is supposed to be slowly varying with the interatomic dis-
tance and consequently can be considered as constant and
equal to its asymptotic value for this first calculation of
the spectrum. However, to keep track of the excited states
and establish which ones contribute, an Hy correlation
diagram is constructed for Lyman ~. It is an extension
to higher states of the work explained in a previous pa-
per [11]. Table 1 gives us the states of the united atom
correlated to the n = 1 and n = 4 levels of the separated
atoms.

2.2 Diatomic potentials

At moderate pressures the spectral line intensity profile is
related to perturbations of the radiating atom in isolated
binary collision events. The gas is imagined to consist of
pairs of nearest atoms in states of collision, or equiva-
lently, of diatomic molecules in free states of nuclear mo-
tion. The adiabatic interaction of the radiating neutral
hydrogen atom with a proton is described by potential
energies V,(R) for each electronic state of HJ . Tables of
accurate theoretical potentials leading asymptotically to
the n = 1,2, 3 atomic states have been published [15], and
were suitable for computing profiles of Lyman o and 3,
but many more states are needed for Lyman ~y. Also, with
increased excitation of the atom, the interactions extend
to larger interatomic distances and the line shape calcu-
lations require potentials at larger R and a finer sampling
than usually tabulated. For these reasons we computed the
exact solutions for the states of Hj that were of interest.
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Table 1. Correlation diagram of HJ for Lyman ~.

united atom spheroidal molecule Stark effect  separated atoms
ne n,dlm ng, g, m  designation fii, Nz, M Tis
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430—4fo 030 if ou
410—dpp——210——4p o
200
26211
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e
1—100—1s 000
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HJ is a special case of two homopolar positive charges
at a fixed distance R interacting with an electron, a one-
electron diatomic molecule (OEDM). Neglecting nuclear
motion, the Schrédinger equation for a general OEDM
about centers a and b is separable in elliptic coordinates
&= (rg+m)/R,n = (rq —m)/R and, ¢, the azimuthal
angle [16,17]. The wavefunctions may be specified by the
number of nodes in each coordinate, the nodal quantum
numbers n¢, ny, and ng = m.

Simple analytic expressions for the solutions cannot
be found, but exact numerical solutions can be computed.
Although systematic tabulations of the lower states of HJ
exist [15], the work of Power [16,17] provides a framework
for fast exact calculations. To describe these solutions we
follow, roughly, the discussion of Bates and Reid [18].

The quantum numbers for this system become those
of a hydrogenic atom as R approaches its limiting values
at (0, 00).

The azimuthal quantum number, m, is a good quan-
tum number but differs from the atomic case. The energy
is degenerate and independent of the sign of m but does
depend on its absolute value. In the following, |m/| indi-
cates the absolute value. The value of |m| is independent
of R. That is, it is a good quantum number for this system.
Values of (Jm| =0,1,2,3,...) correspond to the molecular
orbital symbols (o, 7, d, ¢, ...).

The principle quantum number is preserved only in
the (0,00) limits for R and is designated by (n,ns) in
those limits where u refers to the united atom and s to
the separated atoms.

The orbital angular momentum quantum number is
also preserved only in the (0,00) limits of R and is des-
ignated (., /s) in these limits. The value for ¢, does de-
termine the gerade/ungerade symmetry of the molecule
(inversion through a midpoint in R) which is designated
by the g,u subscripts on the Greek symbol associated
with |m|. The state is gerade for even values of ¢, and
ungerade for odd ¢,, values.

The common designation of the molecular orbital con-
sists of the set of symbols labeling n.,, £, |m|, and (g, u).
An example would be 2po, where n, = 2, ¢, = 1, and
m = 0. Clearly, the use of ¢, and the (g,u) subscript is
redundant. The number ¢, has been replaced by the usual
letter appropriate to the atom case. Another designation
would be to use n, and £ instead of n, and £,,.

The nodal quantum numbers are related to the atomic
quantum numbers by

Ng =Ny — 4y — 1 (8)
Ny = by — |m] (9)
ng = |m| (10)

for the united atom limit [16]. As R goes to infinity, the
elliptic coordinates become parabolic coordinates and the
asymptotic solutions provide a starting point for the exact
OEDM solution. The quantum numbers for these solutions
are usually given as ni, no, and m, where ny is taken to
be the same as n¢. The separated atom principle quantum
number is

ns =n1+ng + |ml+1 (11)

so the nodal numbers become

ng =ng —ng — |m| —1 (12)
n, = 2ny (gerade) or 2ns + 1 (ungerade) (13)

and
ng = |m| (14)

for the separated atom limit of a homonuclear molecule
such as Hj [11,16].

One rule that can be used to construct a correlation
diagram is that the number of nodes in the electronic wave
function does not change as R changes. The resulting cor-
relation diagram is termed diabatic, rather than adiabatic,
which has different rules. The connection between the lim-
iting quantum numbers using this property can be estab-
lished [18] as

e = — 5t ) (15)

for (¢, —m) even and

1
nsznu—g(éu—|m|+1)

(16)
if (6, —|m|+ 1) is even. Table 1 illustrates the correla-
tion diagram in detail for the ns = 1 and ng = 4 states
needed for Lyman 7. The diagram for ny = 2 is given in
reference [11].

The calculations which we use here were based on
Power’s OEDM eigenvalue code [19] with modifications
by J. Peek to permit double precision calculation with
the current generation of Fortran compilers. (The Intel
Fortran Compiler (IFC) for Linux, was used in this in-
stance.) We computed all of the low-lying states with
ns < 4 on a mesh in R as small as 0.25 atomic units out
to 120 atomic units. This is well beyond the R at which
asymptotic formulas are valid, 96 atomic units in the case
of Thoy, for example. While the calculations are exact,
Power [16] notes that to ensure convergence to the desired
root, the initial guess must be closer to this root than to
any other root with the same quantum number m and
same symmetry. We have used small increments in R and
double precision to help avoid this pitfall. The H (n = 4)
state generates the ten pairs of molecular potentials in-
dicated in Table 1. The results for this state are shown
graphically in Figure 1. For other lower states (not shown)
the agreement for the potential energy with the Madsen
and Peek published tabulations [15] was good to all 13 dec-
imal places in atomic units. Since these computations are
independent, it leads us to have confidence in the resulting
potential curves.

The dipole selection rules for the states in the transi-
tion are simple to state:

1. the change in |m| must be either zero or unity;

2. the change in ¢, must be odd. Alternatively, the tran-
sition must be between gerade and ungerade states;

3. there are no restrictions on the change in n,,.
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We are aware of no systematic discussions of the struc- Table 2. Transitions contributing to Lyman ~.
ture of the dipole matrix elements. The large-R limiting P Tovdl - — —
value for the dipole matrix elements is not known for this upper level lower level atomic transition weight
system. Even so, the large- R value may not be an accurate 5p o lsag (300) — (000) 1
estimate at the internuclear separation at which satellites 4soy 2poy (300) — (000) 1
occur. It is known that zeros for 0 < R < oo exist for some 5d oy, 2o (210) — (000) 1
dipole transitions in homonuclear OEDM [20-22], includ-
. . . 6fcu lsoy (210) — (000) 1
ing those that contribute to Lyman ~. The importance of N 1 )
these zeros for the line profile is not yet understood. 6904 P Tu (120) — (000)
Thoy lsog (120) — (000) 1
Tiog 2p o (030) — (000) 1
2.3 Prediction of satellite lines in Lyman ~ wing 8j Ou 1saog (030) — (000) 1
5dmy 2pou (201) — (000) 2
By applying the selection rules noted above, we see that 4p Ty 1soyg (201) — (000) 2
only transitions between states of opposite parity and hav- 69 g 2p oy (111) — (000) 2
ing Alm| = 0,1 are dipole allowed. Using this we can de- 5f mu 1s oy, (111) — (000) 2
duce which molecular transitions contribute to Lyman ~. X ‘
) L FULe . Tim, 2p o (021) — (000) 2
Table 2 lists the transitions and their weight given by
6h s, (021) — (000) 2

equation (26) of reference [11].

In radiative collision transitions it is the difference po-
tential between the final and initial states that determines
the frequency and the energy emitted or absorbed by a
single photon. The spectrum depends additionally on the
transition probability for such events. Several transitions
are of particular interest and are listed in Table 3. For each
one the difference potential exhibits one minimum which,
in principle, leads to a corresponding satellite feature in
the wing of Lyman ~.

Line satellite positions, intensities, and shapes are
functions of three characteristic parameters of the inter-
atomic potentials involved in the transition. Two of these
parameters are reported in Table 3.

The first one is the value AI/H2+ of the extrema of the
potential difference AV(R). The unified theory [1,23] pre-
dicts that there will be satellites centered periodically at
frequencies corresponding to the extrema of the difference

(ni,n2,m) correspond to the number of nodes in the wave
functions.

potential between the upper and lower states,

Ay (em™') = kAVH;, (k=1,2,..) (17)
Avy, is the frequency difference between the center of the
unperturbed spectral line and the satellite feature, mea-
sured for convenience in the same units as the potential
energy difference. This series of satellites is due to many-
body interactions, and the kth satellite corresponds to the
simultaneous presence of k perturbers in the collision vol-
ume. Such multi-perturber satellites have been observed
in alkali spectra [1,24].

The second one is R,,, the internuclear separation at
which the difference potential is an extremum, the line
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Table 3. Satellites of Lyman v due to H—H™ collisions.
upper lower label AVH2+ )\H; (A)  Rn(A)
level level (em™")

Ticy  2poy 1 ~2754 1002 25
2530  996.5°
-2505  996.5°

6hmy lso, 2 2984 995 20.6
-2070 992°
—2080 992°

6gog 2p oy 3 —1470 989 18
-1280  984.2°
1300  983.5°

8jou lso, 4 -904 984 36
~750 980°
~780 980°

Titg  2poy 5 671 981 31.6
-530 978°
~540 978°

Thow lsog, 6 -305 978 29.6
216 974°

5fme  lso, 7 -260 977 16.6
-200 974°

@ Predicted, ® individual profile, ¢ total profile.

satellite being predominantly due to perturbers at this
distance. The average number of perturbers in the inter-
action volume at R, is the determining parameter for the
amplitude of the satellites on the spectral line [1,25,26].
It will increase as R2,, creating intense satellites from long
range extrema.

The third one is the curvature of the difference poten-
tial at R,,. A large curvature results in a broad diffuse
satellite, but a low curvature leads to a much sharper fea-
ture. In Figure 2 we have plotted the H;‘ difference po-
tentials AV (R) that exhibit a shallow minimum at a large
internuclear separation. The relatively long range of the
well should produce strong satellites. The low curvature
in these wells leads to spectra that are not as broad com-
pared to features appearing in Lyman a.

3 Study of Lyman profiles perturbed
by protons

The line profiles have been computed at a temperature of
25000 K, for different densities of protons from 10'6 to
10'® cm 3.

3.1 Quasi-molecular satellites of Lyman ~
The total profile of Lyman 7y depends on many individual

transitions, each contribution given by the Fourier trans-
form of an autocorrelation function for one component.

1000
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—‘E | 5 .|
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> L 4
< | .
L 3 4
2000 - .
|- 2 .|
L | ]
3000 Ll Ll Ll Ll Ll
10 20 30 40 50 60
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107 .
10°
F 5
= 107 3 6
F Total Profile 4 7
10°g E
N 2 3 ]
107 | E
Y L \ L
24000 3000 2000 ~1000 0
Aw (cm'l)

Fig. 2. For Lyman ~, above, potential energy differences which
have a minimum; below, corresponding profiles for the individ-
ual components compared to the total one. See Table 3 for
transition identifications.

Figure 2 shows these profiles separately. The wavelengths
of the line satellites are assigned to their transitions in
Table 3.

Five distinct satellites or blends of satellites are obvi-
ous in the total profile. There are shoulders on the line core
at 984 A, 980 A, and 978 A. The two satellites forming in a
flat depression of the potential at 31.6 A and 36 A produce
exceptionally strong satellites: this large atom-ion separa-
tion enhances multiple-perturber effects when the density
increases, which is responsible for a red asymmetry of the
near wing of the total profile. There are prominent fea-
tures at 992 and 996 A which blend in the total profile
giving a shape similar to the 995 A feature observed in
WD spectra (Fig. 3).

The profile dependence on ion density is shown in
Figure 4. The general shape is changing very fast be-
tween 107 and 10'® cm~3 and a general calculation rather
than an expansion in density has to be done to get ac-
curate profiles. Consequently these computed profiles are
valid from the center to the far wing and allow a com-
parison of the amplitudes of the satellites to the line core.
The line shape consists of a line core in which the intensity
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Table 4. Satellites in the Lyman series due to H-H™ collisions.

Lyman upper level lower level AI/H; (em™!) predicted A (A) predicted A (A) observed® R (A)

« Af oy 1s o4 —1240 1234 1230 11.0
3d oy 2p o -11080 1405 1400 4.5
16} 6h oy 1s o4 —1185 1037 1037 20
59 04 2 o —5045 1081 1080 13
4f 7o 1s o4 —3507 1063 1060 10
v 8j 0w s, ~904 984 984 36
Tiog 2p o —2754 1002 996 25
6h Ty, 1lsog —2284 995 992 20.6
“ White dwarf spectra.
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r T Fig. 4. Variation of the Lyman ~ profile with ion density,
Total Profile | shown for 1 x 1017, 2 x 1017, 5 x 10'7, and 1 x 10'® cm 3.
1.5x10” B
{  scribed in references [11,27] is used only at the lowest
[ 1  density (< 107 cm™3).
= 1L0x107 B
] 3.2 Observed satellites in Lyman lines due
o 1 to H-H™ collisions
5.0x10
i Table 4 lists the wavelengths of the main satellites due to
. H—HT collisions with the upper and lower state identifi-

985 990 995

A (A

Fig. 3. Above, potential differences of the transitions responsi-

ble for Lyman ~ satellites close to 995 A; below, corresponding

profiles for the individual components compared to the total
one. See Table 3 for transition identifications.

decreases with increasing proton density and a near wing
with the line satellites. In the range of low densities ap-
propriate to white dwarf or A Bootis stars the satellite
amplitude increases linearly with the average number of
perturbers because there is a higher probability of binary
collisions than many-body collisions. The expansion of
the autocorrelation function in powers of density as de-

cations and the distance of the atom-ion pair at which the
potential extremum occurs. Several of these features are
observed in spectra of stars.

The satellites of the higher states are formed by shal-
low potential extrema at larger interatomic separations,
and consequently are close to the main line and rapidly
become stronger compared to the main line as the ion
density increases.

The one-perturber approximation neglects the contri-
bution of the core of the line, and is valid only in the
wing, and in the limit of densities low enough that multi-
ple perturber effects there may be neglected. In practice it
is not useful in the Lyman series when the the ion density
is larger than 107 cm™3. Figure 5 shows the Lyman ~y
satellites for densities above 3 x 107 cm ™3, and Figure 6
shows Lyman  satellites for comparison.
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For each line the satellites that appear as shoulders
near the unperturbed line center are due to shallow min-
ima at large internuclear distances. The distinct satellites
farther from the line center form in the deeper poten-
tial wells that occur at closer atom-ion separation. The
most intense feature seen in laboratory experiments is at
1234 A, as shown in Figure 3 of Kielkopf and Allard [28].
The satellite is intense because it occurs at an atom-ion
separation R ~ 11 A, the interaction volume is therefore
large, and the probability that a collision will contribute
to this part of the line is high. In the spectra of cool white
dwarf stars this satellite due to H—H™ collisions is lost
in the Lyman o wing due to H—H. There are two very
distinct satellites observed both in stellar and laboratory
spectra, one due to ions at 1400 A, and the other due to
neutrals at 1600 A [2,5-7,28]. The 1400 A satellite is vis-
ible in the Hopkins Ultraviolet Telescope (HUT') spectra
of the white dwarf star Wolf 1346, but it is at the limit

1500

1600 lites. Synthetic spectra are calculated for
log g = 8 and Ty = 20000 K.

of its visibility as shown in Figure 7. So far, the Lyman 3
satellites have been observed only in white dwarf spectra,
although laboratory experiments are in progress. They ap-
pear very distinctly in the HUT spectrum, and also in
a spectrum of Wolf 1346 taken with the Far Ultraviolet
Spectroscopic Explorer (FUSE) satellite as shown in Fig-
ure 7. The two close Lyman ~ satellites blend to make a
broad absorption depression in the near red wing in the
example shown in Figure 8. Two satellites predicted at
1037 A and 984 A for the near red wings of Lyman § and
Lyman ~ also appear in Figure 8.

4 Comparison of observations with theoretical
spectra of DA white dwarfs

We considered an LTE model atmosphere with pure hy-
drogen composition that explicitly include the Lyman o
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Fig. 8. Above, Lyman v profile perturbed by H—H™. The den-
sity of protons is 2 x 10*7 ¢cm ™2, and the temperature 25000 K.
Below, FUSE spectrum of CD-38° 10980 compared with a the-
oretical synthetic spectrum for log g = 7.9 and T,y = 23000 K,
and with VCS theory (- - - -).

and Lyman 3 quasi-molecular opacities in order to make a
more detailed comparison of the theoretical spectra with
these and other observations.

The Lyman a and Lyman 3 profiles were computed
including perturbations by proton collisions using the
Hy potentials of Madsen and Peek [15] and transition
dipole moments of Ramaker and Peek [20], and also in-
cluding neutral atom perturbations using the potentials
and dipole moments of Spielfiedel [29]. Atmosphere mod-
els and resulting spectra were calculated with programs
TLUSTY and SYNSPEC [30-32]. Synthetic spectra were
computed in this way to include quasi-molecular satellites
of Lyman «, Lyman (3, and Lyman ~y. The resulting mod-
els predict that the Lyman -y satellites are visible for effec-
tive temperatures roughly between 15000 K and 30 000 K.

Observations of the DA white dwarf Wolf 1346
with HUT revealed a line shape very different from the
expected simple Stark broadening with satellite features
appearing near 1078 and 1060 A as shown in the up-
per panel of Figure 7. These features were identified as
Lyman §3 satellites due to quasi-molecular HJ [3].

The feature near 995 A in the red wing of Lyman ~ was
observed in the HUT spectrum shown in Figure 7 and sub-
sequently in spectra recorded by the Orbiting Retrievable
Far and Extreme Ultraviolet Spectrograph ORFEUS [8].
It was suspected then to be a Lyman ~ satellite. We show
here that indeed this is the correct explanation. The lower
panel of Figure 7 compares our calculations with the HUT
and FUSE observations of this white dwarf. This Lyman ~y
wing feature is also clearly visible in the spectrum of the
white dwarf CD —38°10980 shown in Figure 8. This star’s
temperature is near the upper limit for the expected visi-
bility range of the Lyman [ satellites in white dwarfs. The
agreement indicates that the large feature near 995 A is
due to the blend of two close Lyman v satellites at 991
and 996 A.

5 Discussion and conclusion

The good agreement between the observed spectra and
our calculations allowed the identification of line satellites
near 995 A in white dwarf spectra. The fit, however, is not
perfect. The discrepancy appears mainly in a small sys-
tematic shift between the predicted and observed spectra
shown in Figure 8 [33].

We have investigated the possibility that the simple
treatment of perturber velocity used in the profile calcu-
lations might be a reason for the discrepancy. Three sets
of calculations were made to explore the sensitivity of the
profile to different methods of handling the velocity. The
first and simplest one used a single mean velocity

0 = (8KT/mp)'/?, (18)
where p is the reduced mass of the atoms. The sec-
ond one includes the effects of the distribution of ve-
locities of the perturbers by taking an integral over
the Maxwell-Boltzmann distribution of energies with
12 Gauss-Laguerre points. The effect of the distribution
would be to pick up contributions from the slowly moving
ions, which should sharpen the profile near the singular
satellite region, and possibly shift the peak of the satel-
lite. A third run explicitly included the Boltzmann factor
exp(—BV.(R)) for the profile in absorption to allow for
the initial state probability. The effect of the Boltzmann
factor should improve the result in the wings, but it turns
out not to be very significant for temperatures around
25000 K typical of the white dwarf atmospheres. We con-
clude that the shift is neither a consequence of the per-
turber velocity distribution nor of the initial distribution
of perturbers due to their interaction with the radiating
atom.

Another reason may be the use of the expansion in
density to compute the opacities. We have noted the large
atom-ion distances at which the Lyman v satellites are
formed. Figure 5 shows that the amplitude of the Lyman ~
satellites changes significantly when the proton density
is larger than 107 cm=2. For the white dwarfs we have
considered here (models with T,z about 21000 K, and
logg = 8), the electron density at the depth of forma-
tion of the Lyman [ and Lyman v wings is less than
10'7 cm™3. Thus it is acceptable to use the density ex-
pansion of the correlation function. This would not be the
case for massive white dwarfs with higher effective tem-
perature and gravity and this simplifying approximation
would no longer be useful because higher electron densi-
ties are involved in the atmosphere model calculations [34].
Nevertheless, the use of an expansion in densities in the
comparisons shown here would not be a cause of the dis-
crepant shifts.

We have seen in Figure 3 that the shape of the pro-
file in the region of the satellites is very sensitive to the
relative strength of these two features. It is therefore
very important to have an accurate quantitative deter-
mination of the satellite amplitudes. Accurate theoretical
molecular potentials have to be used to describe the in-
teraction between the radiator and the perturber in the
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work described here. Another important factor, not yet in-
cluded for Lyman ~, is the variation of the dipole moment
during the collision. We have previously shown that the
strengths of line satellites are very dependent on values of
the electric-dipole moments at the internuclear separation
responsible for the satellites [12—-14]. Large enhancements
in the amplitudes of the satellites may occur whenever
the dipole moment increases through the region of inter-
nuclear distance where the satellites are formed. The the-
oretical shape in this region of the profile is then very
dependent on the dipole moment of the transition. Our
approximation here to consider it as constant may be re-
sponsible for some of the differences remaining between
the observed and synthetic spectra. This will be improved
in future calculations by incorporating R-dependent ra-
diative transition moments for Hy .

This paper is dedicated to Henri van Regemorter who died
in 2002. His support and interest in the development of the fun-
damental physics of line broadening is gratefully acknowledged.
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